Tb doped ceria materials have been synthesized by coprecipitation method.
ABSTRACT:
Tb doped ceria materials have been synthesized by coprecipitation method.
Cobalt oxide (2 mol%) has been added in order to improve the sinterability and conductivity. XRD measurements suggest that a part of the cobalt is incorporated in the ceria lattice. Ce 1-x Tb x O 2-δ materials showed predominantly ionic conductivity, but the mixed ionic electronic conductivity can be tuned by modifying Tb and Co doping level and temperature range. The ambipolar conductivity was determined by galvanic method coupled with gas permeation and these results support the applicability of these materials as oxygen transport membranes at high temperature. 
Study of the transport properties of the mixed ionic electronic conductor Ce 1-
x Tb x O 2-δ δ δ δ + Co (x=0.1, 0.2) and evaluation as oxygen-transport membrane
Introduction
Oxygen production at high temperature through ceramic membranes represents a current challenge that would enable the introduction of more efficient and environmental-friendly power generation and chemical production processes. In fact, reliable mass-scale O 2 separation in membrane modules would allow the cost-effective operation of Oxyfuel power plants [1] , which can integrate CO 2 capture and sequestration strategies in order to minimize CO 2 emissions. Oxyfuel combustion principle is the removal of nitrogen from the oxidizer to carry out the combustion process in an oxygen-enriched gas stream, thus reducing gas volume and recycling the flue gas to lower the flame temperature. Hence, an air separation unit (ASU) has to be added to the power plant. The current state of technology development for ASU applies high energy consuming cryogenic distillation units while alternative oxygen separation technologies such as ion transport membranes [2] would enable thermal integration and energy savings. Furthermore, several chemical processes [3, 4, 5, 6, 7] would benefit from the development of highly-permeable and CO 2 stable ceramic membranes, since it would make possible the process intensification and the improvement of product selectivity by avoiding the direct contact of molecular oxygen and reaction products.
Membranes based on mixed ionic electronic conductor (MIEC) materials [8, 9] enable in situ separation of oxygen in a membrane reactor fed by air. The most common type of material that exhibits both ion and electron conducting properties are perovskites e.g. (LSFC) at 1173 K using argon as sweep gas [11, 12] . BSCF hollow fibre configuration improves fluxes up to 9.5 ml·cm at 1223 K [13, 14] .
However, the main disadvantage of these materials is the limited chemical stability under a large oxygen concentration gradient, with one side of the membrane exposed to air oxidizing atmosphere and the other side to reducing or CO 2 containing atmosphere [15, 16, 17] . Even at 300 ppm [18] , CO 2 presence is a major issue for perovskite-based membranes (e.g. BSCF) due to the carbonation reaction of the earth alkali metals included in their structure.
Lanthanide substituted ceria materials show a particular combination of high oxygen-ion mobility, redox catalytic properties and chemical compatibility with water and carbon dioxide at high temperatures. In addition, it shows n-type electronic conductivity due to the partial reduction of the cerium ion from the tetravalent to the trivalent state at high temperatures under reducing conditions. Namely, the electron transport takes place by hopping between cerium sites via a small polaron process. By doping with multivalent cations, mixed conduction in ceria may be further extended to higher oxygen partial pressure range (10 [21] . Nevertheless, the interaction of properties was found to be detrimental for the total conductivity and oxygen permeability.
In this work, four different compositions based on undoped and cobalt-doped Ce 1-x Tb x O 2−δ have been prepared and structurally characterized in order to clear up the electrochemical behavior and oxidation state of terbium doped ceria. Total conductivity measurements in high pO 2 range combined with temperature programmed desorption and reduction enabled to gain insight into the conduction mechanisms dependent on pO 2 and temperature. Subsequently, conductivity relaxation, CO 2 stability and oxygen permeation and ion pumping experiments were done to assess the applicability of this kind of materials in oxygen separation and catalytic membrane reactors.
Experimental
Terbium doped ceria has been prepared by co-precipitation method in order to synthesize powders of nanometric size. This technique consists of the dissolution of commercial lanthanide nitrates mixture in distilled water at 323 K. NH 3 (NH 4 ) 2 CO 3 solution in a 1:1.5 molar ratio was dropped under stirring into the lanthanides solution to achieve the total precipitation. The resulting precursor powder was dried at 373 K after filtration and rinsing. Cobalt incorporation (when required) was done over the dried precursor powder by incipient wetness impregnation. Calculated 2% molar of Co was dissolved in distilled water (volume corresponding to the pore volume) and mixed with the powder. Finally, each powder was calcined during 5 hours in air atmosphere at 1073 K to decompose the residual nitrates and carbonates and to favor the formation of the fluorite phase.
In order to identify the crystalline phase(s) and determine crystallite size and lattice parameters of the samples, the powders were characterized by X-ray diffraction (XRD). The measurements were carried out by a PANalytical X'Pert PRO diffractometer, using CuKα 1,2 radiation and an X'Celerator detector in Bragg-Brentano geometry. The studies of the thermal behavior of the material were performed in an Anton Paar XRK-900 reaction chamber attached to the diffractometer, either in a dry air atmosphere or in helium up to 1173 K. XRD patterns were recorded in the 2θ range from 0º to 90º and analyzed using X'Pert Highscore Plus software. The lattice parameters were calculated by using the equation for a cubic system:
Where h, k and l are the Miller indexes, d is de inter-plane distance calculated from the Bragg's law:
, being λ=1.5406 Å the K α1 wavelength of the Cu, θ the scattering angle and n the integer representing the order of the diffraction peak. The particle size has been also extracted from XRD patterns taking into account that the width of the peaks is influenced by the size of the particles [22] . Then from the Scherrer formula:
Where β is the full width at half maximum (FWHM) of the XRD peak and t is the average crystal size. In this study the lattice parameter (a) and the particle size (t) have been calculated from the 2θ position and the FWHM of (0 2 2) and (4 2 2) peaks respectively, extracted by fitting with a Gaussian [22] .
Temperature programmed desorption (TPD) measurements were performed in order to observe the oxygen release with temperature. The powdery material (100 mg) sintered at 1473 K was placed in a quartz reactor and it was heated up in air up to it 1273K and cooled down in the same atmosphere. Then the sample was heated up at 10 K/min up to 1273K in He and the oxygen release was monitored by following the m/z = 32 and 16 amu with a mass spectrometer Omnistar (Balzers).
Micromeritics system was used to carry out temperature-programmed reduction (TPR). Thus, 100 mg of sample was degassed under Ar flow for 1 h and then was subjected to reduction under H 2 /Ar (1/9) flow, and heating rate of 10 K/min till 1273 K.
The H 2 consumption was measured by a TCD. Thermogravimetry analysis was performed on a Mettler-Toledo StarE equipment in air with 5% CO 2 and using a heating Permeation and transport numbers measurements were performed on 15 mm diameter disks. The sample consisted of a gastight Ce 1-x Tb x O 2-δ + Co (2 mol%) disc sintered at 1473 K. Sealing was done by using gold gaskets. Oxygen was separated from air (65 mL/min) using 200 mL/min argon as sweep gas. Permeate was analyzed using a micro-GC Varian CP-4900 equipped with Molsieve5A, PoraPlot-Q glass capillary, and CP-Sil modules. Transport numbers were calculated from the oxygen permeation deviation of pure ionic behavior when an input current from 0 to 75 mA was imposed using a Solartron 1470E equipment.
The electrical conductivity relaxation technique (ECR) was carried out in a tubular oven in which the gas volume was minimized in order to achieve an almost instantaneous pO 2 change. The same four-point DC technique was used to monitor the electrical conductivity, but the thickness of the probe was reduced to obtain shorter relaxation times. The oxygen exchange kinetics was investigated by alternatively swapping oxygen partial pressure from 1 to 0.21 atm at some given temperatures. D and k are determined by fitting the appropriate solution of the Fick's diffusion equation [23, 24] to the experimental relaxation curves of the electrical conductivity plotted in Figure 6a , 
where x, y, z are the sample dimensions, t the time in seconds and
Once the electrochemical analysis was done, cross-sections of the sintered probes were analyzed by SEM and EDX using a JEOL JSM6300 electron microscope. Figure 1 , confirm the grain size growth [27] . EDS did not prove the presence of Co in any preferential location, e.g., in the grain boundary as reported for other doped cerias.
As no secondary crystalline phases appeared to the limit of XRD, the lattice parameter should follow the Vegard's rule, i.e., a linear relationship exists between cell parameter and the concentration of the solute or dopant [28, 29] ,
where rM is the ionic radius of the dopant cation and x is the dopant amount in [30] would give rise to the cell parameter change observed in CeO 2 .
The dashed lines in Figure 2a correspond to the theoretical Vegard's slope [28] for both oxidation states [31] . Moreover, the Co addition allows increasing the Vegard's slope, i.e., it produces a slight decrease in the cell parameter, when compared to Co-free samples, and this is an indication of the higher oxidation state in the Co containing compounds. It should be pointed out that a higher amount of incorporated Co in the lattice cannot explain such high cell parameter shrinkage of the Ce 0.8 Tb 0.2 O 2-δ sample that would need to incorporate almost twice the Co nominally available. Otherwise, it is well-known that cobalt cations/species have high redox activity and this enables to increase the reduction and re-oxidation rate of bulk material. The improved reduction activity of cobalt has been studied by temperature programmed oxygen desorption (TPD) in helium and temperature programmed reduction (TPR) in hydrogen. TPR measurements confirm that there is a higher reducibility of Tb 4+ to Tb 3+ in specimens containing Co, which present greater consumption of H 2 (see Figure S1 ).
The evolution of the cell parameter with different compositions also agrees with the evolution of grain size of the samples calculated by Scherrer equation (2) . Figure 2b shows that 10% Tb doped samples have a larger cell parameter and smaller grain sizes.
This lattice expansion with decreasing grain size at room temperature is due to the larger concentration of oxygen vacancies associated to the presence of intrinsic defects of Ce 3+ and/or Tb 3+ as previously reported for other cerias [32, 33, 34] .
Room temperature XRD results of as sintered samples cannot be extrapolated to operating conditions due to different redox processes dependent on temperature and pO 2 . In order to check the evolution of cell parameters and associated vacancy concentration at high temperature, XRD measurements were performed on Ce 0.9 Tb 0.1 O 2-δ by heating the specimen in air up to 1173 K and cooling it down in helium. The results plotted in Figure 3 show a linear dependency of cell parameter with temperature and an increase of the slope at 700 K, once proved that fluorite structure is maintained in the whole temperature range. The first slope corresponds to the thermal expansion coefficient (12.1x10 ) for the temperature range from 700 to 1173 K. When the sample is cooled down in He, the material cannot be re-oxidized due to the lack of molecular oxygen necessary for re-oxidation, and only thermal expansion can be observed for the material in reduced state. It should be noted that the linear thermal expansion coefficient coincides for the oxidized and reduced material. Indeed, this value is very similar to that obtained for Ce 0.9 Gd 0.1 O 2-δ (Figure 3) , which shows neither chemical expansion nor oxygen release in the studied pO 2 range.
The oxygen release is confirmed by TPD measurements for all samples, as depicted in Figure 4 , where the ion current corresponding to the released oxygen from the solid is plotted as a function of temperature. Ce 0.9 Tb 0.1 O 2-δ oxygen desorption starts at ~700 K, approximately the same temperature at which the chemical expansion becomes tangible by HT-XRD. It reaches a maximum at 755 K and decreases hereafter.
This oxygen release suggests the reduction of the material through the concurrent cation reduction and oxygen vacancy formation. However, the non-stoichiometry of ceria and doped ceria materials has been exhaustively studied [31, 35, 36, 37] Figure 5 shows the conductivity ln(σT) as a function of the reverse temperature for all compositions of terbium doped ceria measured in pO 2 of 0.21 and 5x10 -5 atm.
3.2.Conductivity and transport number measurements
Given a sample composition, differences in conductivity at different pO 2 would indicate a change in the level of reduction. Moreover, oxygen can be more easily incorporated at high pO 2 as temperature drops while it cannot be incorporated (reoxidization) at low pO 2 . This is translated into an apparent change in activation energy (E a ) under oxidizing atmospheres (1 and 0.21 atm) while reoxidization cannot be observed at 5x10 -5 atm in the measured temperature range (1073-673 K). The variations in E a at given conditions indicate a temperature dependent change in the conductivity behaviour of the material.
Taking into account that at these high pO 2 atmospheres doped ceria materials have been reported as pure ionic conductors, the change in apparent E a could be analyzed in terms of vacancy concentration increase due to the release of oxygen (Tb reduction). Actually, ) [31] , the increase of Tb should give rise to a higher concentration of oxygen vacancies with the corresponding raise in ionic conductivity.
As shown in Table 1 When Co is added to both compositions, reducibility of the sample is enhanced as shown in TPD ( Figure 4 ) and TPR measurements ( Figure S1 ). This allows the oxygen vacancy concentration to be higher at the same temperature with respect to the Co-free samples. This makes it possible to increase the ionic conductivity and promote electronic conduction as it is confirmed later on by oxygen permeation results.
The apparent E a values observed for the different samples (Table 1) In order to analyze the complete conductivity mechanism in the studied range of temperatures and pO 2 it would be necessary to explore the defect chemistry of these compounds. The dominant defect equilibrium at high pO 2 First, the formation of oxygen vacancies and interstitials is dominated by the Frenkel defect mechanism for pure CeO 2 as described in (5) 
In a Tb doped system it has to be taken into account the mass conservation law (n >> K Tb ) but Tb total >> n; consequently:
Thus vacancy concentration is independent on pO 2 and proportional to the total terbium concentration.
When Co is added it seems, from XRD analysis, that is partially incorporated in the lattice as Co
2+
following similar equation as Tb but giving rise to one oxygen vacancy per substituted Ce [30] . Therefore the electroneutrality balance equation (10) must be modified with the addition of ‫ܥ‪ൣ‬‬ ′′ ൧ in the left term. The rest of Co is likely placed along the grain boundaries and does not affect bulk defect chemistry in equilibrium.
Equations above describe a way to make an evaluation of the predominant type of carries from the conductivity behavior with pO 2 . Figure 7 plots the conductivity logarithm at 673 K (a) and 1073 K (b) versus pO 2 logarithm for the different compositions.
At 673 K, over the whole range of pO 2 , Ce 0.9 Tb 0.1 O 2-δ show -1/6 dependency, which could be characteristic of both n-type electronic conductivity and ionic conductivity for this material and conditions, as described by eq. (11) and (12) respectively. At 1073 K the -1/6 dependency exists but there is a conductivity plateau at pO 2 lower that 10 atm, the total conductivity should be predominantly ionic as n-type electronic conductivity would result in a continuous increase of conductivity when pO 2 decreases, not observed in the experimental results.
The predominant ionic conduction agrees with the fact that electronic conductivity for
Co free samples will occur with the reduction of Ce
+4
to Ce
+3
, and the polaron hopping in Tb sublattice, which are not likely produced in these atmospheres and temperatures.
Predominant ionic conductivity behaviour can be extended to the Co added Ce 0.9 Tb 0.1 O 2-δ sample in the studied temperature range, taking into account the ability of Co to enhance the reducibility and favour the vacancy formation at temperature above 673 K from higher pO 2 . As a result, pO 2 slope is smoothed and an extended plateau range is observed. The improved conductivity is related for these Co-containing compounds to (i) the higher oxygen vacancy concentration, mainly associated to the higher Tb reducibility; (ii) the contribution of n-type electronic conductivity ascribed to the small polaron hopping through Tb +4 /Tb +3 sublattice [35] and (iii) the higher sample density and grain packing due to high sintering activity of Co-containing cerias. rises. This effect is more appreciable at low temperatures and it does not appear at high temperatures since there is enough energy to exceed the defect dissociation barrier.
Thus, oxygen vacancies are free and able to account on the ionic transport process.
Permeation measurements and stability tests
The combination of conductivity and permeation measurements using imposed current allowed determining the ambipolar conductivity at high temperature for and assuming a constant mean value in the experimental pO 2 gradient.
In more reducing conditions the permeation can be enhanced and for methane sweeping Ce 0.9 Tb 0.1 O 2-δ + Co 2% sample is able to achieve 0.5 mL·min Figure 9 shows the mass evolution of this sample together with the evolution of a highly-permeable perovskite, i.e., BSCF. Carbonates are formed (mass increase) in the range from 700 to 900ºC and decompose (mass decrease) at higher temperatures, as it can be observed for the BSCF measurement. Ceria sample presents a negligible formation of carbonates while it is also detected the mass loss due to oxygen release at temperatures above 700K.
3.4.Conductivity relaxation study
Two D and k parameters were determined by numerical fitting of the relaxation curves to the diffusion model described in equation (3) . However, it is not entirely incorporated into the ceria lattice, but in the grain boundary.
Consequently, the addition of cobalt oxide enables the improvement of the sintering and densification of specimens and the significant enhancement in total conductivity due to 
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